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Abstract：Machining deformation of aircraft monolithic component is simulated by finite element 
method (FEM) and validated by experiment. The initial residual stress in pre-stretched plate is generated 
by simulating quenching and stretching processes. With a single tool-tooth milling process FEM, the 
machining loads in monolithic component material removing is obtained. Restart-calculation is put for-
ward to complete the whole simulation of machining process. To verify the FEM result, an experiment is 
carried out. The deformation distribution of the monolithic component resulting from FEM shows a good 
agreement with the experiment result, which indicates that the key technologies presented in the paper 
are practicable and can be used to simulate the milling process of monolithic component to predict its 
deformation. Lengthy and expensive trial and error experiment process can be avoided. 
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飞机整体结构件加工变形的有限元模拟与试验研究. 董辉跃, 柯映林. 中国航空学报(英文版), 
2006, 19(3): 247-254. 
摘  要：在模拟淬火、拉伸过程获得含有初始残余应力的预拉伸板材以及模拟单齿切削过程获得切
削载荷的基础上，提出并采用接力算法，对一航空整体结构件的材料铣削过程进行有限元仿真，同
时进行了试验研究。结果表明，有限元模拟的整体结构件的变形与试验具有一致性，从而证明提出
的整体结构件加工仿真关键技术的可行性，避免了为研究加工变形而进行的繁琐的试错法。 
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Aircraft parts which were previously made as 
assemblies of thin-walled components can now be 
made as functionally equivalent, monolithic com-
ponent. However, when oversize aircraft monolithic 
component is machined, most of material is re-
moved which causes its poor rigidity and deforma-
tion. The main cause of deformation is that when 
large amount of material is removed, the residual 
stress equilibration in the blank is broken. To 
re-equilibrate it, the residual stresses are redistrib-
uted, and the distortion of monolithic component is 
generated at the same time. Although the 
pre-stretched plate is used to substitute the forged 
blank to decrease deformation, different technics, 
different machining parameters and different ma-
chining tools can cause different deformations. For 
example, with application of high speed milling to a 
pocketed aircraft component which is 660 mm long, 
the deformation magnitude is very small, but it in-
creases greatly to 5mm when the common machin-
ing speed is used. It is obvious that different tech-
nology will induce different deformation. In some 
cases, some complicated straightening technologies 
have to be adopted and the improper correcting 
technics inevitably result in poor quality and even-
tually discard the distorted component, which re-
sults in high scrap rates and increases the manufac-
turing costs. To decrease aircraft monolithic com-
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ponent deformation, the optimal machining process 
and parameters must be selected, besides the 
pre-stretching to reduce the residual stress in the 
blank. At present study on deformation of mono-
lithic component is mainly about surface dimen-
sional error caused by machining load and clamping  
force[1-4]. This kind of error belongs to local elastic 
deformation. Control of local elastic deformation 
can improve the machining precision of local fea-
ture, such as marginal plate and web plate. However, 
the main factors that causes monolithic component 
deformation is redistribution of residual stress dur-
ing material removal and low rigidity of workpiece. 
Therefore, even the surface dimensional error meets 
the design criterion, the component will be dis-
carded inevitably if large deformation happens after 
being finished. In workshop, measures that control 
monolithic deformation include technological proc-
ess, machining parameters and clamping scheme. 
All these are obtained from experiences, and these 
experiences will lose action once the machining 
object is different. Some researchers use FEM to 
study the distortion caused by residual stress. In 
their model, material is removed layer by layer or 
the feed rate of per tooth is much larger than the real 
machined layer[5-7], and even the machining loads 
are ignored[8]. 
In this paper, on the basis of machining process 
simulation of a single tool-tooth to obtain machin-
ing loads, the material removal process of an aircraft 
component—front beam (spar) of wing is simulated; 
a restart-calculation is put forward in FEM and the 
finite element meshes that approximate the machin-
ing parameters are used to mesh the machining zone 
of blank finely; the machining loads act on this 
model at the same time. Using this method, the de-
formation and residual stress distribution are 
achieved. Experiment is carried out to verify the 
simulation result, and good agreement is achieved. 
This model can be used in selecting the optimal 
machining technics, and to avoid the shortcomings 
of trial-error method. Moreover, it is possible to 
control the deformation of monolithic component,  
 
decrease the machining cost, and improve the ma-
chining efficiency. 
1  FEM for Aircraft Monolithic Component  
Machining Process 
1.1  Pretreatment of blank 
The workpiece material is aluminum alloy (Al) 
7075, and its mechanical and physical properties are 
given in Table1. The blank is 12 mm thick. The 
quenching and pre-stretching processes of the blank 
are simulated using FEM as giving in Refs[9,10]. 
Fig.1 shows the residual stress distribution in the 
blank, and Fig.2 shows the designed shape of  the 
workpiece. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1  Mechanical and thermal properties of the material 
 Temperature/℃ 20 100 150 200 300 
Modulus of 
elasticity/GPa 
71.00
0 
65.193 60.594 56.262 37.982
Modulus of 
plasticity/MPa 
250 210 180 150 50 
Yield strength 
/MPa 
455.9 389.1 346.6 275.7 47.1 
Thermal  
Conductivity 
/（W·m-1·℃-1）
114.8 128.4 135.7 142.2 152.7 
Specific heat 
capacity 
/（J·Kg-1·℃-1）
835.4 897.0 916.3 974.0 1 012.5
 
Fig.1  Residual stress distribution in the blank 
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1.2  Determination of machining loads 
(1) Determination of equivalent and unde-
formed chip geometry 
Oblique machining process simulation of a 
single tool-tooth is carried out to estimate the ma-
chining loads (including cutting forces and tem-
peratures) which are fed into the FEM for mono-
lithic component machining to predict the dynamic 
behavior of the part during material removal. DE-
FORM 3D is used to simulate the milling of a single 
tool-tooth. The software package uses mathematical 
theories and non-linear numerical algorithms to 
model plastic flow, heat conduction, thermo- 
mechanical coupling, dynamic behavior and friction. 
In actual milling operation, the tip of the cutting 
edge travels on a trochoidal path due to the feed rate 
and spindle rotation. However, this path can be as-
sumed to be circular for small values of feed per 
tooth. Thus, in conditions of given spindle speed 
and feed per tooth, only rotational of the tool is con-
sidered in the process models [11]. Furthermore, the 
circle can be substituted by a string of straight lines 
approximately (see Fig.3(a)-(c)). If line iC1 (i=1-6) 
is substituted by a straight line, a polygon which is 
analogous to a triangle is obtained (see Fig.3(d)). 
Based on the above simplification, Fig.4 shows the 
oblique milling model of a single tool-tooth. The 
machining conditions are shown in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(2) Interfacial friction and thermal conductivity 
   Initial temperatures of tool and workpiece are 20 
℃，and heat transfer coefficient is 11W/（mm2· 
Table 2  Machining conditions 
Workpiece material 
Workpiece hardness 
Tool type 
Tool material 
Tool diameter/mm 
Rake angle 
Clearance angle 
Inclination angle 
Number of tooth 
Axial cutting depth/mm 
Feeding rate/(mm·tooth-1) 
Cut width/mm 
Rotationnal rate 
Al 7075 
HB120 
End-milling 
W9Mo3Cr4V 
φ8 
26° 
34° 
27° 
2 
4.5 
0.5 
4.0 
3000 r/min 
Fig.2  Front beam of wing 
(a) machined layer           (b) using straight lines to 
                         approximate arcs 
(c) equivalent machined layer 
(d) straighten equivalent machined layer 
Fig.3  Schematic diagram showing simplification of ma-
chined layer in DEFORM 3D 
Fig.4  CAD model of single tooth machining 
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℃.） During milling process, the rake face of tool 
contacts with the chip bottom, and there are slip 
zone and stick zone on the rake face of tool. In the 
paper, to model the effect of friction along the 
tool-chip interface, the friction law at the 
tool-workpiece interface is[12] 
3σmτ =             (1) 
where m is the friction coefficient between the tool 
and chip interface ( 0.2=m [12]) and σ  is the yield 
stress of the material. 
(3) Material model  
The workpiece material is Al 7075 and tool ma-
terial is high-speed steel. Both mechanical and ther-
mal properties are assigned to the workpiece 
whereas the tool is defined as rigid for it is harder 
than workpiece and only thermal properties are as-
signed to it. Although engineering materials have 
been studied exhaustively to characterize their 
stress-strain behaviors, most of these studies were 
carried out at room temperature and only to low le- 
vels of strain (approximately 0.3), compared to high 
temperatures and strain levels witnessed in machin-
ing. For modeling convenience and availability of 
data, the following overstress model is used for 
Al 7075[13]， 
0
0
p for1 σσ
n
σ
σDε ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=        (2) 
where pε  is the effective plastic strain rate, σ  is 
the yield stress at a non zero strain rate, 0σ  is the 
static yield stress, and D and n are material parame-
ters ( 75.1,105627.1 5 =×= nD [13]). 
The predicted cutting loads and chip shape from 
the simulations are shown in Fig.5 and Fig.6, re-
spectively. To verify the FEM of milling process, a 
milling experiment is done and the milling force is 
measured using dynamometer Kistler 9 257 A. Table 
2 shows the experiment conditions. The maximal 
errors of cutting force peak values in three direc-
tions are 9％, 3.5％ and 11％, respectively. The 
factors that cause the existence of error are: (1) 
There are differences between the properties of the 
model material used in the FEM and the actual ma-
terial properties in machining; (2) The tool is as-
sumed as a rigid body and perfect sharp, but it has a 
hone radius edge in experiment and is an elas-
tic-plastic body; (3) The undeformed chip shape of 
the FEM is an equivalent layer. Considering the 
above assumptions and simplifications, the result of 
FEM is acceptable. 
 
 
 
 
 
 
 
1.3  Application of cutting loads 
The above machining simulation is just a single 
tool-tooth machining process simulation of mono-
lithic component, and machining loads obtained 
from DEFORM 3D (see Fig.5) are imported into the 
finite element model repeatedly for prediction of the 
dynamic behaviors of the component during ma-
chining. The following describes the process in de-
tail. 
Because the existence of helix angle, the con-
tacting track of the cutting edge with the machined 
face is an arc. The cutting loads are applied along 
the curvature produced by the cutting motion of the 
tool-tooth. The undeformed chip thickness is vari-
able throughout a cut starting with its maximum 
value and regressively going down to 0 at the end of 
the sector. But an equivalent chip element of uni-
Fig.5  Cutting loads of three-dimensional cutting process
Fig.6  Three-dimensional cutting process simulation of
       single tool-tooth 
≥
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form thickness can be represented using the value of 
chip area[11], so surface cbef  is substituted by 
plane hgcb ′′′′  and plane hgfe ′′′′ , and plane cdf  
is substituted by plane gfdc ′′′′ . On the basis of the 
above assumption, cutting loads acting on arc il  
(i=1-5) can act on line 1il  and 2il  (see Fig.7(a) 
and (b)). 
Because the acting spot of cutting load is local 
and the affected region is very small, based on the-
ory of SWINAN, it is equivalent that the loads on 
arc il  are applied on arc 1il  and 2il . After the 
workpiece is meshed using hexahedron, the loads 
acting on line are approximated by the equivalent 
concentrated loads and act as point loads on nodes 
(see Fig.7(c)). Theory of SWINAN is adopted, also. 
Fig.7 shows the operation in detail. What is men-
tioned above just describes the material removal of 
monolithic component by a single tooth, and the 
machining of a monolithic component can be simu-
lated by repeating the process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.4  Restart-calculation 
The amount of mesh will be very huge if the 
blank of monolithic component is meshed on the 
criterion of machining parameters. To improve the 
calculation efficiency and economize the computer 
resource, the restart-calculation is put forward and is 
used when meshing the blank using hexahedron.  
Fig.8 shows the flow chart of restart 
calculation. Software package ABAQUS is used as 
finite element solver. First, the CAD model of the 
blank is meshed finely around the machining zone, 
that is the first pocket, and the other parts of the 
blank are meshed coarsely. Material (or element) is 
removed along tool path, and machining loads act 
on nodes at the same time, as illustrated in Fig.7. 
After the first pocket is finished, the predicted de-
formed component profile is used to identify the 
real material volume removed during machining 
instead of the “ideal” one in the next step, and the 
deformed CAD model of the workpiece is recon-
structed. As the first step, the reconstructed CAD 
model is re-meshed finely in the location of the 
second pocket, and the other parts are meshed 
coarsely. Distributions of stresses and temperatures 
are mapped to the new FEM, and machining loads 
act applied and material is removed continuously. 
The above process is repeated until all of the six 
pockets of the monolithic component are machined. 
Fig. 9 shows the mesh distribution of the workpiece 
before machining the 5th pocket. 
Restart-calculation includes the following key 
technologies: 
(1) Reconstruction and re-meshing of 
three-dimensional geometry dynamically. 
During machining process of the monolithic 
component, the three-dimensional geometry solid 
must be reconstructed and re-meshed before cutting 
every pocket. The machining pocket is meshed 
finely on the criterion of machining parameter and 
the other parts are meshed coarsely. 
(2) Mapping of physical quantities, such as 
stress and temperature, from the previous FEM to 
the reconstructed FEM.  
 
 
Fig. 7  Simplification of material removal process and 
application of machining loads dynamically 
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To keep the continuity of machining, the 
physical quantity of the previous state, such as 
stress and temperature, must be mapped to the re-
constructed model before machining a pocket (the 
quenched stress is mapped to the FEM before cut-
ting the first pocket). This is a process of interpola-
tion. 
(3) Applying of boundary conditions and ma-
chining loads dynamically. 
The freedom degrees of nodes on the bottom of 
the component are constrained in the whole opera-
tion process, as vacuum absorption. The predicted 
cutting forces and temperatures got from the sin-
gle-tooth machining process are fed into the FEM of 
monolithic component machining and are applied to 
nodes dynamically as material removal. 
2 Analysis of Simulation Results of Front 
Beam 
Fig.10 shows the distribution of residual 
stresses. After machining operation, the distribution 
of residual stresses of the component is mainly 
around the corner, and this is the region where the 
deformation happens heavily. The deformation of 
the finished front beam is shown in Fig.11. Com-
paring the designed shape and the simulation results 
of the component, the angle θ adjacent to the middle 
of the component is enlarged by 0.03°, from 170.53° 
to 170.56°, and the component is crooked around 
the corner which is the region of stress concentra-
tion. The right end of the component is warped, 
about 0.50 mm. To obtain even distribution of re-
sidual stresses, and to control distortion of mono-
lithic component, it’s important to optimize the tool 
path, machining sequences of pockets and machin-
ing parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8  Restart calculation follow chart of machining 
front beam 
Fig.9  Re-meshed CAD model 
Fig.10  Residual stress distribution in the front beam 
 after being machined 
 
Fig.11  Deformed front beam from FEM 
August  2006             Study on Machining Deformation of Aircraft Monolithic Component by FEM and Experiment               · 253 ·  
 
3  Verification of FEM by Experiment 
Using the same machining parameters as FEM, 
the monolithic component is machined from ex-
periment (see Fig.12). The angle θ is enlarged by 
0.04°, from 170.53° to 170.57°. The right end is 
tilted, and the amplitude is 0.45 mm. The deformed 
components from FEM and experiment are dis-
played and compared (see Fig.11 and Fig.12). Based 
on the above comparison it is shown that the defor-
mation of the monolithic component from FEM 
agrees well with the experiment result. The differ-
ences between FEM and the experiment mainly 
come from the initial residual stress in the blank, the 
simplification of undeformed chip and acting mode 
of cutting loads. 
 
 
 
 
 
 
 
 
4  Conclusions 
In the simulation of aircraft monolithic com-
ponent machining, how the cutting load is produced 
and its acting mode, and the idea of re-
start-calculation are stated in detail in the paper. As 
an example, a front beam machining process is 
simulated and the experiment is done. The distribu-
tion of residual stresses is analyzed. Through com-
parison of deformation results from FEM and ex-
periment, it is shown that the FEM results agree 
with those of experiment approximately. This 
method can be used to select optimal tool-path and 
machining sequences of pockets, and a lengthy and 
expensive trial and error validation process which is 
used to compensate machining error can be re-
placed. 
There are several assumptions in the simulation 
of monolithic component cutting process, such as 
shape of undeformed chip, acting of cutting loads 
got from simulation of cutting process of a single 
tooth. The effects of these assumptions on the ma-
chining results are to be studied in the future. 
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